The 5′ terminus of trypanosome mRNA is protected by a hypermethylated cap 4 derived from spliced leader (SL) RNA. Trypanosoma brucei nuclear capping enzyme with cap guanylyltransferase and methyltransferase activities (TbCgm1) modifies the 5′-diphosphate RNA (ppRNA) end to generate an m7G SL RNA cap. Here we show that T. brucei cytoplasmic capping enzyme (TbCe1) is a bifunctional 5′-RNA kinase and guanylyltransferase that transfers a γ-phosphate from ATP to pRNA to form ppRNA, which is then capped by transfer of GMP from GTP to the RNA β-phosphate. A Walker A-box motif in the N-terminal domain is essential for the RNA kinase activity and is targeted preferentially to a SL RNA sequence with a 5′-terminal methylated nucleoside. Silencing of TbCe1 leads to accumulation of uncapped mRNAs, consistent with selective capping of mRNA that has undergone trans-splicing and decapping. We identify T. brucei mRNA decapping enzyme (TbDcp2) that cleaves m7GDP from capped RNA to generate pRNA, a substrate for TbCe1. TbDcp2 can also remove GDP from unmethylated capped RNA but is less active at a mature cap 4 end and thus may function in RNA cap quality surveillance. Our results establish the enzymology and relevant protein catalysts of a cytoplasmic recapping pathway that has broad implications for the functional reactivation of processed mRNA ends. T he earliest modification to the eukaryotic mRNA is the addition of a cap structure (m7GpppN; cap 0) at the 5′ end, to protect the mRNA from degradation and recruit factors that promote RNA splicing, export, and translation initiation (1). The cap is formed in the nucleus by three sequential enzymatic reactions: the 5′ triphosphate of the nascent mRNA is hydrolyzed to a diphosphate by RNA triphosphatase; the diphosphate end is capped with GMP by RNA guanylyltransferase; and the GpppRNA is methylated by (guanine N7) methyltransferase to form cap 0 (2). Nucleotides adjacent to the cap are typically methylated on the first and second nucleosides to form cap 1 and cap 2 structures, respectively. The most elaborate cap structure, called cap 4, is found in Trypanosoma brucei and other kinetoplastid parasites and consists of a standard cap 0 with 2′-O methylations on the first four ribose sugars (AmAmCmUm), and additional base methylations on the first adenine (m6,6A) and the fourth uracil (m3U) (3). Although additional methylations have been shown to enhance translation efficiency (4, 5), whether they affect the RNA decay process is unknown.
The 5′ terminus of trypanosome mRNA is protected by a hypermethylated cap 4 derived from spliced leader (SL) RNA. Trypanosoma brucei nuclear capping enzyme with cap guanylyltransferase and methyltransferase activities (TbCgm1) modifies the 5′-diphosphate RNA (ppRNA) end to generate an m7G SL RNA cap. Here we show that T. brucei cytoplasmic capping enzyme (TbCe1) is a bifunctional 5′-RNA kinase and guanylyltransferase that transfers a γ-phosphate from ATP to pRNA to form ppRNA, which is then capped by transfer of GMP from GTP to the RNA β-phosphate. A Walker A-box motif in the N-terminal domain is essential for the RNA kinase activity and is targeted preferentially to a SL RNA sequence with a 5′-terminal methylated nucleoside. Silencing of TbCe1 leads to accumulation of uncapped mRNAs, consistent with selective capping of mRNA that has undergone trans-splicing and decapping. We identify T. brucei mRNA decapping enzyme (TbDcp2) that cleaves m7GDP from capped RNA to generate pRNA, a substrate for TbCe1. TbDcp2 can also remove GDP from unmethylated capped RNA but is less active at a mature cap 4 end and thus may function in RNA cap quality surveillance. Our results establish the enzymology and relevant protein catalysts of a cytoplasmic recapping pathway that has broad implications for the functional reactivation of processed mRNA ends. T he earliest modification to the eukaryotic mRNA is the addition of a cap structure (m7GpppN; cap 0) at the 5′ end, to protect the mRNA from degradation and recruit factors that promote RNA splicing, export, and translation initiation (1) . The cap is formed in the nucleus by three sequential enzymatic reactions: the 5′ triphosphate of the nascent mRNA is hydrolyzed to a diphosphate by RNA triphosphatase; the diphosphate end is capped with GMP by RNA guanylyltransferase; and the GpppRNA is methylated by (guanine N7) methyltransferase to form cap 0 (2) . Nucleotides adjacent to the cap are typically methylated on the first and second nucleosides to form cap 1 and cap 2 structures, respectively. The most elaborate cap structure, called cap 4, is found in Trypanosoma brucei and other kinetoplastid parasites and consists of a standard cap 0 with 2′-O methylations on the first four ribose sugars (AmAmCmUm), and additional base methylations on the first adenine (m6,6A) and the fourth uracil (m3U) (3) . Although additional methylations have been shown to enhance translation efficiency (4, 5) , whether they affect the RNA decay process is unknown.
All mRNA is subject to degradation by either a 5′-to-3′ or a 3′-to-5′ exonucleolytic pathway, generally initiated by shortening of the poly(A) tail (6) . In the 5′-to-3′ pathway, the cap is removed as m7Gpp by the RNA decapping enzyme Dcp2, a member of the Nudix hydrolase superfamily, leaving a 5′-monophosphorylated RNA (pRNA) (7, 8) . The exposed pRNA is progressively degraded by a 5′-to-3′ exonuclease (Xrn1/Rat1). Incompletely capped RNAs that lack the N7 methyl moiety, as well as defective mRNAs with premature termination codons, are decapped by a cellular quality-control machinery (9) (10) (11) (12) .
Studies in yeast and mammals suggest that decapping is a regulated process, and the uncapped mRNAs can be sequestered from degradation in the P bodies and stress granules (6, 13) . Several studies suggest that stable uncapped mRNAs accumulate in cells and that they can potentially acquire a 5′-cap structure to regenerate translatable mRNAs (14, 15) . However, the mRNAs that are decapped or cleaved by endonucleases are produced as pRNAs and thus need to be converted to diphosphorylated RNAs (ppRNAs) to be capped by a guanylyltransferase. The existence of pRNA kinase in mammalian cells has been proposed (16, 17) and such an activity has been found in the cytosol, complexed with a guanylyltransferase (18) . However, the responsible protein has not yet been identified.
In trypanosomes, cap 4 structure is derived from cap 0 and formed exclusively on a 39-nucleotide spliced leader (SL) RNA, which is transferred by trans-splicing to individual ORFs derived from a polycistronic transcript (19, 20) . The cap 0 is formed by an RNA triphosphatase, TbCet1, and a bifunctional guanylyltransferase-methyltransferase, TbCgm1 (21) (22) (23) . In addition, three 2′-O-nucleoside RNA methyltransferases implicated in cap 4 methylation on the SL RNA have been identified and characterized (24) (25) (26) (27) , and a stand-alone guanylyltransferase (TbCe1) and a stand-alone cap methyltransferase (TbCmt1) have been identified (28, 29) .
Here we show that TbCe1 is a cytoplasmic recapping enzyme with 5′-monophosphate RNA kinase and guanylyltransferase activities and that it can convert pRNA into GpppRNA via a ppRNA intermediate. We also identify TbDcp2 as the Nudix-family decapping enzyme that generates pRNA from a capped RNA. Our findings define a decapping/recapping pathway in trypanosoma and its responsiveness to cap methylation status.
Significance
The 5′ end of eukaryotic mRNA is capped and methylated to protect mRNA from degradation and enhance protein synthesis. However, the cap can be removed from mRNA by decapping. We identified a recapping enzyme with 5′-monophosphate RNA kinase activity from trypanosome and provide evidence that decapped transcripts can be recapped to regenerate translatable mRNA. The kinase activity is dependent on mRNA leader sequence and is stimulated by hypermethylation found in the trypanosome mRNA. We also identify a trypanosome decapping enzyme that removes cap structure from the mRNA, but is less active on hypermethylated capped mRNA. These results suggest that hypermethylated cap structure can influence certain transcripts to be preferentially decapped or recapped during the parasite life cycle. 
Results
TbCe1 Is a Cytoplasmic Capping Enzyme with a 5′-Monophosphate RNA Kinase Activity. TbCgm1 is deemed responsible for cap 4 biosynthesis on the SL RNA, insofar as silencing of TbCgm1 increases the abundance of uncapped SL RNA and leads to accumulation of hypomethylated SL RNAs (22, 23) . In contrast, silencing of TbCe1 does not prevent SL RNA capping (23) . To assess the function of TbCe1, we examined the subcellular localization of both TbCgm1 and TbCe1 in T. brucei procyclic cells by indirect immunofluorescence with a protein A antibody that recognizes the PTP fusion protein epitope tag (Fig. 1A and Fig. S1A ). As expected, TbCgm1-PTP localized to the nucleus, where SL RNAs are synthesized, consistent with the finding that TbCgm1 is recruited to the SL RNA promoter to cap the SL RNA (22) . In contrast, TbCe1 localized to the cytoplasm. We conclude that TbCe1 is a cytosolic enzyme and likely functions in a different capping pathway from TbCgm1.
To evaluate whether phosphotransferase activity is intrinsic to TbCe1, recombinant protein was produced in bacteria and purified from soluble lysates by nickel-agarose and DEAE chromatography (Fig. S1B) . TbCe1 was incubated with either a pRNA, a 5′-triphosphate-terminated SL RNA (pppRNA), or a 5′-hydroxylterminated RNA ( OH RNA), with a sequence that corresponds to the first 21 or 24 nt of SL RNA, in the presence of [γ-
32 P]ATP and magnesium. TbCe1 was capable of effectively transferring radiolabeled γ-phosphate from ATP to both the chemically phosphorylated 21-mer pRNA and enzymatically phosphorylated 24-mer pRNA but not to the pppRNA or OH RNA (Fig. 1B) . Moreover, it converted the pRNA into a capped RNA in an ATP-dependent manner, as evidenced by radiolabel transfer of [α- 32 
P]GMP from [α-
32 P]GTP in the presence of ATP (Fig. 1C) . Alanine mutations within the conserved nucleotide-binding motif of TbCe1 (K49A, S50A, or K49A/S50A double mutations) abolished its phosphotransferase activity without affecting its guanylyltransferase activity (Fig. 2 A-D) . We verified that the product generated by TbCe1 has a 5′-diphosphate end by isolating the radiolabeled RNA product from the gel and subjecting it to nuclease P1 digestion (Fig. 2E) . A small percentage (∼15%) of the radiolabeled product migrating at the position of GpppA was observed, suggesting that the ppRNA formed by TbCe1 is subsequently converted to GpppRNA due to the presence of preguanylated enzyme in the recombinant protein preparation. Indeed, when GTP was included in the reaction, the ppRNA was converted to a capped RNA, as evident from an increase in the ratio of GpppA/ADP (Fig. 2E, lane 4) . Notably, GpppA was not detected when the TbCe1-K288A mutant protein (lacking the lysine nucleophile for enzyme-GMP formation) was tested (Fig.  2E , lanes 5 and 6). We conclude that TbCe1 is a bifunctional capping enzyme with novel 5′-monophosphate RNA kinase and guanylyltransferase activities that can convert pRNA into GpppRNA. The nucleotide-binding motif in the N-terminal domain of TbCe1 is essential for the RNA kinase activity, and is likely to be the active site that coordinates the ATP.
Characterization of pRNA Kinase Activity. The pRNA kinase activity was proportional to the TbCe1 concentration (Fig. 2D ). We calculated a specific activity of 11 fmol of . ATP and dATP were able to compete as phosphate donors, whereas other rNTP or dNTPs were not (Fig. 2F) . Addition of GTP to the RNA kinase reaction shifted the radiolabeled RNA product by a single nucleotide, consistent with the formation of capped GpppRNA. The extent of pRNA phosphorylation was proportional to the ATP concentration and leveled off at 20 μM ATP (Fig. 2G) . A K m of 2.7 μM ATP was calculated from nonlinear regression fitting of the data to the Michaelis-Menten equation using Prism. No RNA kinase activity was detectable in the absence of a divalent cation (Fig. 2H ). Magnesium was a more effective cofactor than manganese, with an optimum of 0.2-0.5 mM MgCl 2 .
The properties of the TbCe1 guanylyltransferase are similar to those of the TbCgm1 and RNA guanylyltransferases found in other eukaryotes and viruses (Fig. S2 ). TbCe1 was unable to transfer GMP to a triphosphate-terminated poly(A) unless the 5′ end was converted to a diphosphate end by RNA triphosphatase (Fig. S2E ). The N-terminal 5′-monophosphate kinase activity is not essential for the C-terminal guanylyltransferase activity, as neither mutation abolishing the kinase activity (Fig. 2B ) nor a deletion of the entire N-terminal kinase domain (28) affected the enzyme-GMP complex formation.
The pRNA Kinase Activity Is Specific to the SL RNA and Stimulated by Cap 4 Methylation. In trypanosomes, mRNAs acquire an identical 39-nt SL RNA through trans-splicing. The sequence of the pRNA substrate used to characterize the pRNA kinase and capping activity in this study corresponds to the first 21 nucleotides of the SL RNA. To address whether this sequence influences the pRNA kinase activity, we prepared a pRNA that has a sequence corresponding to nucleotides +8 to +28 of the SL RNA [SL-pRNA ] and a 24-mer non-SL RNA (non-SL pRNA) (Fig. 3A) . As shown in Fig. 3B , SL pRNA(8-28) and non-SL pRNA were less effective substrates than the SL pRNA, resulting in reductions to 9% and 0.8%, respectively, in specific activity compared with that when the SL pRNA was used. Substitution of A with G at position 1 did not affect the kinase activity, whereas a substitution with either C or U led to a drop to 1% and 0.3% of the activity relative to that for the wild-type SL pRNA (Fig. 3B ). These results demonstrate that TbCe1 preferentially targets SL RNAs and that the presence of a purine at position 1 is critical for its pRNA kinase activity.
The findings that the TbCe1 RNA kinase activity is dependent on the SL RNA sequence prompted us to examine whether 2′-O methylations within the first 4 nucleosides can influence the activity. We evaluated two methylated SL pRNAs for their effectiveness as substrates for TbCe1: one has 2′-O methylation at position A1 (SL pRNAr1), and another has 2′-O methylations at positions A1, A2, C3, and U4 (SL pRNAr1234). The 2′-O methylation of the pRNA enhanced the TbCe1 kinase activity ∼3-fold over that for a pRNA lacking any modification (Fig. 4 A and B) . Both SL pRNAr1 and SL pRNAr1234 were phosphorylated to a similar extent. The effect of 2′-O methylation on the TbCe1 kinase activity was further evaluated at various ATP concentrations (Fig. 4C) . The stimulation was most pronounced at limiting ATP concentrations; in this context the increase in activity was 10-fold. The K m for ATP in the presence of the SL pRNAr1 and SL pRNAr1234 substrates was 0.26 μM and 0.36 μM, respectively; compared with 2.7 μM for the unmethylated SL pRNA. These results suggest that TbCe1 preferentially targets methylated RNAs derived from the mature cap 4 mRNA for recapping. Because cap 4 methylation occurs in the nucleus and depends on the cap 0 structure, the hypermethylated uncapped pRNA must be derived from a mature mRNA that has undergone decapping.
TbCe1 Knockdown Accumulates Uncapped mRNAs. Based on the abovedescribed experiments, we predicted that silencing of TbCe1 would prevent the recapping of certain mRNA transcripts and lead to the accumulation of pRNAs in the cell. To test this prediction, we performed a ligation-mediated RT-PCR assay to detect pRNAs in T. brucei (Fig. S3) . The anchor RNA oligonucleotide was ligated with poly(A) RNA isolated from TbCe1 RNAi-induced and uninduced cells, in the presence or absence of splint DNA, whose 3′ half is complementary to the anchor RNA sequence and whose 5′ half is complementary to the SL RNA sequence (Fig. 5 and Fig. S3 ). The RNA was converted to cDNA using oligo(dT) as a primer, and splint ligation products were detected by PCR using oligo(dT) and a DNA primer specific to the anchor sequence. A series of PCR products, in the range of 0.4-1.2 kb, was detected in TbCe1 RNAi cell lines (Fig. 5) . The amounts of splint ligation products, as well as their heterogeneity, were significantly higher in TbCe1-silenced than the unsilenced control. Omission of splint DNA in the parallel reaction resulted in loss of the majority of the signal, although trace amounts of nonspecific ligation products were detected. These results suggest that decapped 5′-monophosphateterminated mRNA is the substrate for TbCe1 in vivo. Although the trypanosome scavenger decapping enzyme DcpS, which hydrolyzes the m7GpppN cap dinucleotide, has been characterized (30), a decapping enzyme that releases m7Gpp and generates a pRNA has not yet been identified in this organism.
Identification of the T. brucei Decapping Enzyme. The cytosolic Dcp2 decapping enzymes from fungi and metazoans belong to the Nudix superfamily of hydrolases (31) , which release m7Gpp from capped mRNA, generating pRNA. Five putative Nudix proteins have been identified by bioinformatics analysis of the T. brucei proteome: TbNudix1 (GenBank accession: EU711412.1), TbNudix2 (Tb927.5.4350), TbNudix3 (Tb11.01.1570), TbNudix4 (Tb927.6.2670), and TbNudix5 (Tb10.70.2530) (Fig. 6A) . Among these proteins, TbNudix1 has been characterized as mitochondrial edited mRNA stability factor (32) , and thus we did not test it for a decapping activity. TbNudix2 and TbNudix3 were found in the glycosome but their catalytic activities have not been defined (33) . The functions of TbNudix4 and TbNudix5 are unknown.
To determine if TbNudix2, TbNudix3, TbNudix4, and TbNudix5 possess an RNA decapping activity, we produced His-tagged fusion proteins in bacteria (Fig. 6B) and assayed for the release of m7Gpp in vitro using a cap-labeled 43-mer RNA (m7GpppRNA 43 ). Liberation of m7Gpp was detected by TLC analysis. TbNudix4 was the only enzyme that led to release m7Gpp from m7GpppRNA 43 in the presence of magnesium (Fig. 6C and Fig. S4 ). We verified that the product generated is m7Gpp by subjecting the reaction product to alkaline phosphatase digestion (Fig. S4) . We therefore rename TbNudix4 as TbDcp2.
The amino acid sequence of the 294 amino acid TbDcp2 is shown in Fig. S5A . TbDcp2 lacks a conserved amino-terminal Box A domain and a carboxy-domain present in other Dcp2 proteins. TbDcp2 sedimented as a single peak, between BSA and cytochrome C in a parallel gradient, which suggested that it is a monomer in solution (Fig. S5B) . Its activity profile coincided with the distribution of the TbDcp2 polypeptide (Fig. S5C) , and we calculated a specific activity of 60 fmol of m7Gpp released per nanogram in 1 min, which corresponded to a turnover rate of 2 min −1 . What distinguishes decapping enzyme from nucleotide pyrophosphatase is a dependence on RNA. TbDcp2 hydrolyzed m7Gpp from 33-mer and 23-mer RNA with an efficiency similar to that for the 43-mer substrate (Fig. 6D ), but the activity was significantly reduced with the 13 mer (∼30% compared to m7GpppRNA 43 ).
The RNA dependence was also demonstrated by competition assay using cap analogs (Fig. 6E) ; none of the cap analogs or GTP effectively competed against the m7GpppRNA 43 substrate. A 10-fold excess of hydroxyl-terminated RNA (1 μM) had a minimal effect on decapping activity, whereas a 100-fold excess of hydroxyl-terminated RNA (10 μM) resulted in 70% inhibition, suggesting that TbDcp2 recognizes both the cap and the RNA chain (Fig. 6E) . In summary, our data demonstrate that TbDcp2 possesses canonical RNA decapping activity in vitro.
TbDcp2 Preferentially Hydrolyzes Prematurely Hypomethylated RNA.
To address whether cap 4 methylation can influence TbDcp2 activity, we prepared a cap-labeled SL RNA that resembles cap 1 (m7GpppRNAr1) and cap 4 (m7GpppRNAr1234) from the 21-mer SL pRNA, using recombinant TbCe1 (SI Materials and Methods). The rate of m7Gpp release from the cap 1 substrate was comparable to that of the cap 0 (Fig. 6F) , indicating that 2′-O methylation at position 1 does not affect decapping. In contrast, the rate of m7Gpp release from cap 4 was reduced ∼10-fold compared with that of the cap 0, indicating that hypermethylated RNA was resistant to decapping by TbDcp2.
We also examined the effect of unmethylated capped SL RNA (GpppRNA) on decapping activity. TbDcp2 can efficiently hydrolyze Gpp from Gpp-terminated SL RNA (Fig. 6G) . The rate of Gpp release was 40% faster than that of m7Gpp. Similarly, 2′-O methylation at position 1 did not have significant influence on Gpp hydrolysis. However, the rate of decapping from GpppRNAr1234 was reduced by 65% compared with that for GpppRNA, consistent with the notion that hypermethylated RNAs are less efficiently decapped by TbDcp2. The optimal substrates for decapping by TbDcp2 were: GpppRNA ≥ GpppRNAr1 = m7GpppRNA ≥ m7GpppRNAr1 > GpppRNAr1234 > m7GpppRNAr1234. These results demonstrate that cap 4 methylation can influence the decapping efficiency of TbDcp2 and raise the prospect that TbDcp2 may function as a surveillance enzyme to decap mRNAs lacking either N7 guanine methylation or ribose 2′O-methylation at nucleosides 2, 3, and 4. (Fig. S3) . Splint-ligation products were detected by PCR using an anchor forward primer and oligo(dT) as a reverse primer (Top). Products were resolved on agarose gel. Control reactions in which the splint DNA was omitted were carried out in parallel. Internal control reaction was performed using SL-specific forward primer and an α-tubulin-specific reverse primer (Bottom). The positions of marker DNA (in kilobases) are indicated to the Right.
Discussion
TbCe1 Kinase Activity Is Preferentially Targeted to Hypermethylated Uncapped SL RNAs. In this report, we present the first evidence to our knowledge that a 5′-monophospate RNA kinase activity is directly involved in the recapping of pRNA. The kinase and the guanylyltransferase activities are physically linked as a single TbCe1 polypeptide, and TbCe1 depletion results in an accumulation of pRNA in T. brucei. The fact that the RNA kinase activity depended on the SL RNA sequence and was stimulated by methylation of cap 4 provides strong evidence that this enzyme preferentially acts on uncapped hypermethylated mRNAs that have undergone decapping. Because cap 2′-O ribose methyltransferases are in the nucleus but decapping likely takes place in the cytoplasm, uncapped hypermethylated pRNAs with a 5′ SL would most likely accumulate in the cytoplasm, where TbCe1 resides. This substrate specificity of TbCe1 would likely exclude capping of other RNA types (such as tRNAs, rRNAs, and noncoding RNAs) that are present at high levels in the cytoplasm. The endonucleolytically cleaved RNAs are also likely to be excluded for recapping by TbCe1, thereby preventing the generation of N-terminally truncated proteins, a scenario that could be potentially deleterious to the parasite.
The pRNA kinase activity of TbCe1 required the Walker A nucleotide binding motif within the N-terminal region. The phosphotransferase activity is likely to be mechanistically similar to the reaction carried out by adenylate kinase and 5′-OH RNA kinases, given that the following two residues were essential for this activity (34, 35) : invariant Lys49, which in the other kinases stabilizes the phosphate groups on the NTP, and conserved Ser50, which likely coordinates the divalent cation for phosphoryl transfer. The fact that either ATP or dATP can serve as a phosphate donor, whereas other rNTPs and dNTPs did not complete with ATP, implied that TbCe1 recognizes the adenine base. The enzymatic properties of TbCe1 are similar to those of the 5′-RNA kinase purified from crude fractions prepared from vaccinia virions with respect to their magnesium and RNA dependence, as well as their nucleotide (ATP or dATP) specificity as a phosphate donor (17) . However, TbCe1 does not appear to convert ppRNA to pppRNA. Further mutational and structural analysis is expected to provide insights into how TbCe1 interacts with the SL sequence and how its phosphotransferase activity is enhanced by cap 4 methylation.
In order for a translatable mRNA to be generated through recapping, the GpppRNA must be methylated at the N7 position.
We speculate that TbCmt1, a second guanine-N7 methyltransferase encoded by trypanosomes, functions in the recapping pathway to convert the TbCe1-generated GpppRNA into a translatable m7GpppRNA (29) . Indeed, silencing of TbCmt1 did not affect the growth of procyclic cells or capping of the SL RNA, similar to the phenotype observed in TbCe1 depletion (23) .
TbDcp2 Is RNA Decapping and Surveillance Enzyme. Of the four T. brucei Nudix proteins characterized, TbDcp2 (TbNudix4) is the only one capable of releasing m7Gpp from m7GpppRNA in a magnesium-dependent manner. Cap analogs were not effective competitors for TbDcp2, but uncapped RNA effectively inhibited Dcp2 activity, a property shared by other RNA decapping enzymes (8, 36, 37) . TbDcp2 may also function as a surveillance enzyme that removes incompletely capped mRNA, consistent with the decapping activity detected in cytoplasmic extracts from Leptomonas seymouri (37) . Our finding that TbDcp2 activity is influenced by cap 4 methylation suggests that the 5′-to-3′ turnover may be regulated by differential cap methylation.
Role of Cap 4 Modification in the Decapping and Recapping Pathway.
Hypermethylated cap 4 is a unique feature of the mRNA of kinetoplastids and is involved in trans-splicing and translational enhancement (5, 22) . Although cap 4 methylation partially protects mRNA from decapping by TbDcp2, the decapped transcriptswhich likely retain the methyl moieties on their 5′ end-may have an innate stability, inhibiting 5′-to-3′ degradation by exonuclease. If so, stable uncapped methylated pRNA may accumulate in the cytoplasm. Unless it is degraded by the 3′-to-5′ decay pathway, TbCe1 can preferentially recap the hypermethylated pRNA.
Model of mRNA Decapping and Recapping Pathway in Trypanosomes. Fig. 7 summarizes a proposed model for mRNA decapping and recapping pathway in trypanosomes. In the nucleus, the SL RNA is capped by TbCet1 and TbCgm1 and then hypermethylated by a series of cap 4 methyltransferases. Trans-spliced and polyadenylated mature mRNAs are transported to the cytoplasm for protein synthesis. TbDcp2 may act as a conventional RNA decapping enzyme to generate uncapped pRNAs. It may also decap mRNA with unmethylated or hypomethylated cap structures. The decapped mRNAs are either digested by 5′-to-3′ exonuclease or sequestered from the degradation machinery and stored in a cytoplasmic compartment. Under certain conditions, the recapping apparatus may restore the uncapped pRNA to GpppRNA via TbCe1 and methylate the N7 moiety of the cap via the TbCmt1, to regenerate translatable mRNA.
The mRNA recapping pathway is particularly advantageous for trypanosomes and other kinetoplastid organisms that rely on a trans-splicing mechanism for gene expression. In trypanosomes, the selective expression of a single gene of interest requires that (i) a long polycistronic pre-mRNA is transcribed; (ii) the transcript is resolved by trans-splicing and polyadenylation; (iii) the mature mRNA is transported to the cytoplasm; (iv) unwanted mRNAs are selectively degraded; and (v) the mRNA to be translated is protected. Overall, this requires more time and resources than the expression of a single gene in other eukaryotes. The decapping and recapping pathway may function to regulate the gene expression in response to stress or sudden environmental changes.
Materials and Methods
Two critical protocols are briefly described below and more details can be found in SI Materials and Methods.
RNA Kinase Assay. The standard reaction contained 50 mM Tris·HCl (pH 9.0), 1 mM DTT, 0.5 mM MgCl 2 , 100 μM [γ- 32 P] ATP, 100 nM 5′-monophosphorylated RNA, and TbCe1 protein for 15 min at 30°C, unless otherwise specified. Products were resolved by 18% (wt/vol) Urea-PAGE, and radiolabeled product was visualized and quantitated by phosphorimager.
RNA Decapping Assay. The standard reaction, containing 50 mM of Tris·HCl (pH 7.5), 2 mM MgCl 2 , 100 nM of cap-labeled RNA substrate and protein as specified, was incubated for 10 min at 25°C. EDTA was added to a final concentration of 16 mM to quench the reaction. An aliquot of the reaction mixture was spotted onto TLC PEI Cellulose F (Millipore EMD), and was developed with 0.75 M LiCl. Liberation of the radiolabeled 5′ terminus was visualized and quantified by phosphorimager analysis. Fig. 7 . Proposed model of mRNA decapping and recapping in T. brucei. Nascent SL RNA with 5′ triphosphate end is converted to diphosphate by RNA triphosphatase (TbCet1), capped and methylated by a nuclear capping enzyme (TbCgm1), and hypermethylated by a series of cap 4 methyltransferases (collectively indicated as cap 4 MTases). Trans-spliced and polyadenylated cap 4 mRNA can enter the translational pool, whereas unmethylated capped and hypomethylated capped mRNA are subject to either 3′-to-5′ degradation (not shown) or converted into pRNA by a decapping enzyme (TbDcp2). The decapped pRNA can either be degraded by a 5′-3′ exonuclease, or have its 5′ cap restored by TbCe1 and TbCmt1 and then return to the translational pool.
